We study the strangeness production in antiproton-nucleus collisions at the beam momenta from 200 MeV/c to 15 GeV/c and inp annihilation at rest within the Giessen Botzmann-UehlingUhlenbeck (GiBUU) transport model. The GiBUU model contains a very detailed description of underlying antinucleon-nucleon cross sections, in-particular, of the strangeness production channels. We compare our calculations with experimental data on Λ, K 0 S andΛ production inpA collisions and with earlier intranuclear cascade calculations. The contributions of various partial channels to the hyperon production are reported and systematic differences with the experiment are discussed. The possible formation of bound Λ-and ΛΛ-nucleus systems is also considered.
I. INTRODUCTION
The production of strange particles in antiproton annihilation on nuclei has been a challenge to theory since about two decades when the Λ and K 0 S yields and spectra were measured in the series of bubble chamber experiments [1] [2] [3] . The most intriguing experimental fact is that the yield ratio Λ/K 0 S is very large (> 2) not only for heavy target nuclei (p+ 181 Ta at 4 GeV/c [3] ), but even for light ones (p+ 20 Ne at 608 MeV/c [2] ). The direct mechanismpp →ΛΛ can only explain less than 20% of the measured Λ production cross section forp+ 181 Ta at 4 GeV/c [4] . Thus, the hyperon production inp annihilation on nuclei is dominated by the interactions of secondary particles produced inpN annihilation with the nuclear medium. Extensive theoretical calculations within the intranuclear cascade (INC)
model [5] tend to overestimate the yields of both particle species, Λ and K 0 S , and underestimate the yield ratio Λ/K 0 S . The latter might indicate the in-medium enhanced cross sections of the strangeness exchange reactions,KN → Y π (Y stands for a Λ-or Σ-hyperon). The enhanced hyperon production has been also interpreted in terms ofp annihilations on the clusters of nucleons [4, 6] or even the formation of a cold quark-gluon plasma (QGP) [7] .
Even more interesting is the double-strange (S=-2) hyperon production in antiproton annihilation on nuclei which has not yet been studied experimentally. The calculations of Ref. [8] , motivated by the planned Double-Hypernuclei experiment by PANDA@FAIR [9, 10] , take into account only the direct mechanismN N →ΞΞ which can only account for a few percent of an inclusive Ξ yield. However, the inclusive production of the S=-2 hyperons inp annihilation on nuclei is very interesting by itself. This process should be a quite sensitive test for the unusual mechanisms of thep annihilation on nuclei, like the QGP formation, since it requires the simultaneous production of two ss pairs.
In this work, we study strangeness production inp-nucleus collisions at p lab = 0.2 − 15
GeV/c and inp-nucleus annihilation at rest within the microscopic GiBUU transport model [11] . We compare our calculations with all available experimental data [1] [2] [3] 12] on Λ, K 0 S andΛ production for in-flight annihilation ofp on nuclei and with earlier calculations within the INC models [5, 13, 14] . We also analyse the selected data set of ref. [15] on π − , proton and Λ production inp annihilation at rest on 14 N. In contrast to the INC models, the GiBUU model includes selfconsistent relativistic mean fields acting on baryons, antibaryons, kaons and antikaons. The selfconsistency means that the mean fields depend on the actual particle densities and currents. This has never been done in the previous transport calculations of antiproton-nucleus reactions. The selfconsistent potential fields are very important, for example, for a realistic treatment of annihilation on light nuclei, when a nucleus get almost destroyed by pions produced in annihilation, and the outgoing particles propagate in much weaker potential fields.
We study in detail the mechanisms of strangeness production by decomposing spectra and reaction rates into the partial contributions from various elementary processes. Estimates for the production probabilities of hypernuclei are also given. Finally, we present the predictions of our model for the Ξ hyperon spectra. We argue that the latter can be used to disentangle the hadronic and hypothetic QGP mechanisms ofp annihilation on nuclei.
The structure of the paper is as follows. Sec. II contains a brief description of the GiBUU model with an accent on its new and/or improved ingredients, such as, e.g., strangeness production channels inNN collisions. In sec. III, we present the results of our calculations for the Λ, K 0 S andΛ production and compare them with experimental data and INC calculations. Then, we give our predictions for the Ξ hyperon production at variousp beam momenta. Finally, sec. IV summarizes our work.
II. MODEL
The GiBUU model [11] is a transport-theoretical framework which allows to describe a wide range of photon-, lepton-, hadron-, and nucleus-nucleus reactions. Below we concentrate mostly on the model ingredients which govern strangeness production in antiprotoninduced reactions. For other model details relevant for the present study we refer the reader to refs. [11, [16] [17] [18] [19] .
The GiBUU model solves the coupled system of kinetic equations for the different hadronic species i = N, ∆, Y, Y * , Ξ, π, K etc and respective antiparticles:
where f i (x, p * ) is the phase-space distribution function, p * = p − V i is the kinetic fourmomentum,
is the field tensor, and m * i = m i + S i is the effective mass. The scalar potential S i = g σi σ is expressed in terms of the isoscalar σ meson (J P = 0 + ) field.
The vector potential V i includes the contributions from the isoscalar ω meson (J P = 1 − ) field, isovector ρ meson (J P = 1 − ) field and the electromagnetic field A:
Here, the isovector term ∝ ρ 3 is included only for nucleons and antinucleons. [16, 19] .
This calculation is selconsistent in the sense that the fields are induced by actual particle densities and currents which serve as source terms in the Lagrange equations. The full system of transport equations (1) and meson field equations admits the energy-momentum conservation (c.f. ref. [16] ).
In order to determine the meson-nucleon coupling constants and the self-interaction parameters of the σ field, we use the relativistic mean field (RMF) model in the NL3 version [20] . The coupling constants of mesons with other nonstrange baryonic resonances (∆, N * etc) are set equal to the respective meson-nucleon coupling constants. For the meson-hyperon and meson-kaon coupling constants, we apply a simple light quark counting rule by putting
The coupling constants with the corresponding antiparticles are obtained as follows:
Here, "B" denotes any nonstrange baryon, i.e. B = N, ∆, N * etc. The relative signs in Eqs. (5)- (7) are obtained from the G-parities of the meson fields. The factor ξ = 0.22 is introduced in order to obtain the Schrödinger equivalent potential UN = −150 MeV for an antiproton at the zero kinetic energy and normal nuclear density ρ 0 = 0.148 fm −3 , in agreement withp-nucleus scattering phenomenology (c.f. [18] and refs. therein). One should keep in mind, however, that in experiment only the nuclear surface is tested due to a large annihilation cross section. Thus, an empirical information at ρ 0 can only be obtained by model dependent extrapolations.
In Table I , we collect the Schrödinger equivalent potentials of different particles evaluated by using the relations (3)- (7) and the nucleon scalar (S N = −380 MeV) and vector (V 0 N = 308 MeV) potentials in nuclear matter at ρ 0 [18] . The potential depths for nucleon, Λ hyperon and antikaon are consistent with phenomenology [21] . The Σ potential is attractive, which contradicts the analysis of Σ − atoms [21] . A weak attraction for kaons is also not supported by the analysis of the kaon flow from heavy ion collisions (c.f. [22] and refs. therein), where a weak repulsion has been found. These drawbacks are the consequences of a simple treatment of particle potentials based on the same RMF model. We do not expect that they sensitively influence our results since the multiplicity of Σ hyperons is considerably smaller than the multiplicity of Λ hyperons while the kaon potential is weak anyway. The potentials of the Ξ hyperons and antihyperons are still not restricted by any experimental data.
The nucleus is modeled by employing a local density approximation. The momenta of nucleons are sampled uniformly within the spheres of radii
by using a Monte Carlo method. The density profiles of protons and neutrons ρ i (r) are obtained from a selfconsistent solution of the relativistic Thomas-Fermi equations [19] . This makes the nucleus stable on the time scale of the order of several 100 fm/c, enough for the most reactions with nuclear targets. The Fermi motion of nucleons results in the smearing of particle production thresholds, which is especially important for the reactions with lowenergy projectiles.
For the simulation of anp-nucleus collision, at t = 0 an antiproton is placed at the distance 5 fm + nuclear radius from the nuclear center along the collision axis. Such a distant initialization of the antiproton is needed in order to take into account the change of its momentum and trajectory under the action of attractive nuclear and Coulomb potentials [18] .
For the simulation of annihilation at rest, the initial radial position of the antiproton is chosen according to the probability distribution (c.f. [23, 24] )
where R nl (r) is the radial wave function of the antiproton in the Coulomb atomic state with quantum numbers n and l ≤ n − 1, ρ(r) is the nucleus density profile, and C is a normalization constant. Quoting ref. [24] , a cascade of electromagnetic deexcitation of thē p-atom, essentially through the (n, l = n − 1) states, emits X-rays, which permits us to trace thep down to the level where annihilation takes place.
Once a nucleus and an antiproton are initialized, the system of kinetic equations (1) supplemented by the meson field equations is solved by the test particle method in the parallel ensemble mode [25] . Between the two-body collisions, the test particle centroids (r, p * ) propagate according to the Hamiltonian-like equations (c.f. [18, 19] Collisions between the secondary and primary particles as well as between two secondaries are taken into account. The mean fields are recomputed on every time step according to the modified particle densities and currents.
In the case of an antinucleon-nucleon collision, the annihilation may result in a large number of various mesonic final states. This makes the direct parameterization of all partial cross sections practically impossible. Thus, we rely on the statistical annihilation model with SU(3) symmetry [26, 27] . This model has been successfully applied in the calculations of pion and proton spectra fromp annihilation on nuclei at 608 MeV/c within the GiBUU framework [18] . According to the model [26, 27] , the probability of theN N annihilation to a given final state meson configuration, which may include up to n = 6 mesons π, η, ω, ρ, K,K, K * andK * , is defined as
where I 1 , ..., I n and Y 1 , ..., Y n are, respectively, the isospins and hypercharges of outgoing mesons, and n i are the multiplicities of mesons of each type (i = π, η, ω etc). The quantity w n is proportional to the phase space volume of a given final state and is calculated assuming that the incoming and outgoing hadrons can be exactly classified according to the SU (3) symmetry. The dimensionless parameters a π , a η , ..., a K * break the exact SU(3) symmetry.
They approximate the unknown parts of matrix elements and depend on the types of the particles and on their internal structure. For the annihilation channels without strangeness, the values a π = 1, a η = 0.13, a ω = 0.18 and a ρ = 0.24 were determined in [28] from the best agreement with the data onpp annihilation at rest and in flight at p lab ≤ 10 GeV/c [29] .
For the parameters related to the strange mesons, we apply the beam momentum dependent expressions obtained from the fit of thepp Fig. 1 for thepp case):
where
with p lab being the beam momentum (in GeV/c). The statistical annihilation model works, strictly speaking, only at high beam momenta, when the particle multiplicities are large. At low beam momenta, this model has to be supplemented by the phenomenological branching ratios of the different annihilation channels. For the channels without strange particles, this has been already done in [26, 27] . In the present work, we have extended the tables of probabilities for variouspp andpn annihilation channels at rest [26, 27] by including the channels with strange particles KK, K * K + c.c., and K * K * (see Appendix A). In order to have a smooth transition from these empirical branching ratios to the description according to the statistical model as the beam energy grows, we determine by a Monte-Carlo method whether the statistical model itself or the empirical branching ratios are used to simulate a givenNN annihilation event. The probability to choose the tables is
where √ s max = 2.6 GeV is the maximum invariant energy up to which the annihilation tables at rest still can be selected (respective beam momentum p lab = 2. At √ s > 2.37 GeV, the inelastic production inN N collisions is simulated with a help of the Fritiof model [30] . Exception are the processesN N →N N,N N → ΛΛ,ΣΛ(+c.c),ΞΞ which are either not included or not described well in Fritiof. Thus, we treat these processes separately according to their partial cross sections at any √ s. collisions better, than, e.g., the Pythia model [33] . Generally, the latter is successfully The associated hyperon production is included in GiBUU via reaction channels πN →
parameterized according to Ref. [36] . The η-induced associated hyperon production cross sections on proton have been reconstructed from the respective cross sections of the π 0 -induced processes at the same invariant energy √ s by utilizing the detailed balance relations [37] and isospin invariance:
where p πN and p ηN are the center-of-mass (c.m.) momenta for the corresponding initial channels calculated at the same √ s. Similar formulas have also been used for the ωp initial channel. For the ρ-induced reactions on proton, we have assumed
where the isospin states of all particles match each other. The cross sections of the η-, ω-and ρ-induced reactions on neutron have been obtained by using the isospin reflection from the corresponding cross sections on proton.
We note, finally, that the bubble chamber data on Λ production contain also the admixture of Λ's produced by the decays Σ 0 → Λγ. These decays are not included in GiBUU, since the Σ 0 life time τ = 7.4 × 10 −20 s ≃ 222000 fm/c is much longer than the typical hadron-nucleus reaction time scale of ∼ 100 fm/c. Thus, in the present calculations, we simply add the Σ 0 yield to the Λ yield.
III. RESULTS

A. Time evolution of hyperon production
In our calculations, baryons experience the action of attractive mean field potentials.
Slow hyperons get captured inside the residual excited nuclear system. This system may evaporate particles and/or decay into fragments, some of which will be single-or double-Λ hypernuclei. It is natural to assume that the fragmentation and evaporation will not change much the total yield of hypernuclei; they may, however, affect the production of a given hypernuclear species.
In order to distinguish the hyperons outside and inside the residual nucleus, we have applied a simple criterion based on the relative distance between particles [38]: a particle is outside the nucleus if it is separated by the distance larger than some critical distance d c from all other particles of the nucleus. Otherwise, the particle is inside the nucleus. Provided the evolution time is long enough, the result should not be much influenced by the choice of d c , if the latter is larger than the internucleon spacing ∼ 1 − 2 fm. This is illustrated in Fig. 2 where we show the number of (Λ + Σ 0 ) hyperons outside and inside the residual 
Y is its single-particle energy. This criterion allows to identify the captured hyperons somewhat earlier. However, after 200 fm/c it is very close to the criterion according to d c = 3 fm.
Of course, the capture may only happen if a particle experiences the action of an attractive potential. Fig. 3 compares the time dependence of the number of Λ's inside and outside the nucleus for calculations with and without Λ-potential. As expected, in the calculations without Λ-potential, the number of hyperons inside the nucleus quickly drops with time indicating that there are no captured Λ's in this case.
In the following, we always fix d c = 3 fm as in ref. [38] and calculate the time evolution nucleus, change only by ∼ 10% if we further increase the evolution time (c.f. Fig. 2 ). As demonstrated in Fig. 4 , this change concerns only slow hyperons, while the yields of fast particles are practically stable. In particular, the kaon yields and spectra are not influenced by any further increase of the evolution time.
B. Annihilation at rest
We selected the ASTERIX@LEAR data [15] on charged pion, proton and Λ production fromp annihilation at rest on 14 N. According to ref. [39] , the last observable transition in light antiprotonic atoms is 4 → 3. Thus we assumed that the antiproton occupies mainly the n = 3, l = 2 level immediately before annihilation which we used as an input in our calculations (see Eq. (9)). We have checked, however, that our results are changed by only few percent if the quantum numbers n = 4, l = 3 are chosen for the antiproton wave function. 5 shows the π − , p and Λ kinetic energy spectra in comparison with our calculations. In ref. [15] , the measured spectra were fitted by the relativistic Maxwell-Boltzmann distribution E dN p 2 dp
with the normalization A and the temperature E 0 being fit parameters. We observe that the high energy parts of calculated spectra -except for very high energy (E kin > 0.6 GeV) pion spectrum -agree with the data and with the Maxwell-Boltzmann formula (19) reasonably well. A slight underprediction of the high-energy pion spectrum can be traced back to the case ofpp annihilation annihilation at rest (c.f. Fig. B .52 in ref. [11] ). More significant is the deviation from the data at small kinetic energies. We predict the strongly enhanced evaporative emission of the low-energetic particles, in-particular, p and Λ, in contrast with the ASTERIX data. The enhanced emission of low-energy nucleons is also present in the INC calculations of ref. [24] for thep annihilations at rest on 98 Mo.
The calculated pion spectrum also has a clear two-component structure, which seems to be absent in the pion spectra measured by ASTERIX. The high energy pions (E kin > 300 MeV or p lab > 400 MeV/c) originate directly fromNN annihilation almost without rescattering on nucleons. The low energy pions are mostly the products of the πN → ∆ → πN processes.
This structure is present in the CALLIOPE@LEAR data [40] for the pion momentum spectra from 608 MeV/c antiproton annihilation on 12 C and 238 U which agree with the GiBUU calculations very well [18] .
Although the radial distributions of annihilation points are somewhat different for annihilation at rest and low-energy annihilation in-flight, the angle-integrated momentum spectra of emitted particles are expected to change only a little [24] . Therefore, we attribute the above discrepancies to the reduced acceptance of the ASTERIX spectrometer for the lowmomentum particles, as also mentioned by the authors themselves in ref. [15] .
C. Annihilation in-flight
We start from the lowest beam momenta and consider the reactionsp(0-450
MeV/c)+ 12 C, 48 Ti, 181 Ta and 208 Pb measured at BNL [1] . Figure 6 shows the calculated target mass dependence of the free Λ production probability per annihilation event together with the data. Note, that thep-annihilation cross section σ ann ∝ A 2/3 , i.e., it grows with the target mass number. However, we got rid of this enhancement by dividing out σ ann from the Λ production cross sections. We also present the calculated production probabilities of nuclear systems with one and two captured Λ hyperons in the same reactions. In calculations, the beam momentum was fixed at 225 MeV/c. The free Λ production probability is weakly sensitive to the target mass number and agrees with experiment. However, the probabilities of one and two captured Λ production grow with the target mass number by almost one order of magnitude from the lightest ( 12 C) to the heaviest ( 208 Pb) target. This is expected since, in heavier targets, the produced hyperons are more efficiently decelerated by rescattering on nucleons. The detailed calculations of hyperfragment production inp annihilation on nuclei within the coupled GiBUU + statistical multifragmentation models are presented in Ref. [34] . As we observe, both models agree within ∼ 30%. The experimental Λ rapidity distribution is rather well described, while the calculated K 0 S spectra are clearly above the data. Since the direct channel of hyperon production,pp →ΛΛ (p thr lab = 1.439 GeV/c), is closed at p lab = 608 MeV/c, the hyperons can only be produced in strangeness exchange processes
. Our calculation produces somewhat more K 0 S 's than the INC calculation [5] does. This is partly due to taking into account the target destruction byp annihilation in our calculations, which reduces the chances for anK to be absorbed. with other nucleons.
The (Λ + Σ 0 ) rapidity spectrum shown in Fig. 7 is decomposed to its partial components according to various elementary production channels of Λ or Σ 0 . We see that the largest contribution is given by the hyperon rescattering on nucleons with flavour and/or charge exchange, in-particular, by the exothermic processes Σ + n → Λp and Σ − p → Λn. The main channel of the hyperon production, however, is the strangeness exchange processes A more detailed information on the relative importance of various hyperon production channels is given in Table II . As one can see by inspecting Table II It is quite interesting to observe from Table II that the πB → Y K channels make relatively small contributions to the Λ and Σ production rates with respect to the ωB → Y K channels even though there is an abundant pion production inp annihilation on nuclei. The reason is that inp annihilation at rest or at lowp beam momentum most of pions are produced with momenta ∼ 0.2 − 0.4 GeV/c (c.f. Fig. 2 in ref. [18] , where the π + momentum spectrum is shown forp+ 12 C collisions at 608 MeV/c). This is well below the threshold pion momentum of 0.895 GeV/c for the πN → ΛK reaction on a nucleon at rest. On the other hand, an ω meson is produced in a rather large fraction (∼ 20%) ofNN annihilation events at rest (c.f. ref. [27] ). This favors the exothermic ωN → Y K reactions, which have a large cross section at low ω momentum. The situation is, however, different for the energetic p-nucleus collisions (see Table III The disagreement with the experimental rapidity spectrum of (Λ+Σ 0 ) hyperons at y ≃ 0.5 might be due to still underpredicted contribution of the Y * → Y π decays. Indeed, this contribution has a broad maximum at y ≃ 0.3, i.e., close to the maximum of the measured rapidity spectrum. Since our calculations tend to overestimate the K 0 S production, we can assume that theKN → Y * cross sections should be larger. In-particular, the total cross section K − n → X (or the same cross section of the isospin-reflected channelK 0 p → X) is underestimated at √ s < 1.7 GeV (see Fig. 2 .15 in ref. [35] ).
Another reason for the deviation with the experimental rapidity spectrum of (Λ + Σ 0 )
hyperons is related to rather uncertain Y N → Y N cross sections. Especially the ΛN → ΛN cross section is important, as has been noticed, first, by Gibbs and Kruk in ref. [14] .
These authors have applied their INC code [13, 14] to the reactionp(4 GeV/c)+ 181 Ta and reproduced the measured (Λ + Σ 0 ) and K 0 S rapidity spectra very well. They assigned a constant elastic hyperon-nucleon cross section of 14 mb, which is about two times less than the Λp elastic cross section at p lab ≃ 0.5 GeV/c (corresponding to the peak position y ≃ 0.4 of the measured Λ rapidity spectrum, c.f. Fig. 8 ) in the parameterization of Cugnon et al. [5] .
Since we have also applied the latter parameterization in the present calculations, this largely explains the shift of our (Λ + Σ 0 ) rapidity spectrum to smaller rapidities with respect to the measured spectrum. Fig. 9 demonstrates the sensitivity of our calculations to the hyperonnucleon cross sections. The calculation without hyperon-nucleon rescattering produces the peak position of the calculated (Λ + Σ 0 ) rapidity spectrum close to the experimental one.
However, the spectrum at large forward rapidities is now overestimated.
The stopping power of the nuclear medium with respect to the moving hyperon depends not only on the integrated elastic hyperon-nucleon cross section, but also on its angular dependence. For simplicity, we have chosen the hyperon-nucleon cross sections to be isotropic in the c.m. frame. This also contributes to the somewhat too large deceleration of the hyperons. On the other hand, the total yield of (Λ + Σ 0 ) hyperons can be enhanced with increased charge exchange Σ − p → Λn and Σ + n → Λp cross sections which are rather poorly known from experiment.
Detailed information on the various production rates at 4 GeV/c is collected in Table III. One can see from Table III Experimental data are from [3] .
strangeness production channels open. The nonstrange meson-baryon collisions provide the second largest contribution of ∼ 23% to the Y and Y * production rate. The hyperon production in antibaryon-baryon collisions (including direct channel) and in baryon-baryon collisions contributes only ∼ 3% and 2%, respectively, to the same rate. On the other hand, as before, in the case ofp(607 MeV/c) 20 Ne, the antibaryon-baryon collisions dominate in the total K(K) production rate contributing ∼ 60%. It is interesting, that the meson-meson reactions MM → KK are rather important and contribute ∼ 20% to the K andK production rates. This means that the KK pair production processes in mesonic cloud created afterp annihilation should also be taken into account on equal footing with other secondary production channels. Note, however, that in GiBUU the two particles produced in the same two-body collision or resonance decay event are allowed to collide only after at least one of them collided with another particle not involved in this event. This is done in order to avoid multiple chain reactions between the correlated products of the same elementary event, which would otherwise lead to double counting in the production processes and, moreover, violate the molecular chaos assumption. In Table IV we summarize the results of comparison of our calculations with INC calculations and with experimental data at 0.6 and 4 GeV/c. Both models overestimate the strange quark production and underestimate the ratio σ Λ+Σ 0 /σ K 0 S . To our knowledge, the latest measurement of neutral strange particle production from high-energy antiproton interactions with nuclei was performed at BNL using the Multipar- system ticle Spectrometer (MPS) facility [12] . Fig. 11 shows the inclusive cross sections for Λ, K 0 S ,Λ and strange quark production in collisions of antiprotons at 5, 7 and 9 GeV/c with carbon, copper and lead targets in comparison to the MPS data from [12] . Also the INC model [13, 14] results given in ref. [12] are shown in Fig. 11 . The strange quark (or ss pair) production cross section has been calculated consistently with ref. [12] , i.e. according to the approximate formula
There is a fair overall agreement of GiBUU calculations with data. In particular, Λ andΛ production on the carbon target is described very well by GiBUU, while for the heavier targets we somewhat underpedict Λ andΛ production. The K 0 S production cross section on the carbon target is two times overpredicted by GiBUU. On heavier targets, the agreement with experiment on K 0 S production becomes better, but the slope of the beam momentum dependence of the K 0 S -production cross section seems to be overpredicted. We note, that the data on the inclusive cross sections have been obtained by integration over rapidity region with good acceptance and extrapolated to the 4π solid angle using the INC calculations. This is partly responsible for a better agreement of the INC results with this experiment. Fig. 12 shows the rapidity distributions of Λ, K Λ from antiproton collisions with copper target at 9 GeV/c. As one observes, the GiBUU calculations agree with the data quite well, except the underprediction of Λ yield at y ≃ 0.5.
We also observe a rather close agreement of GiBUU and INC results, which means that the selected observables are, actually, not very sensitive to the model details, once the elementary cross sections are adjusted to the experimental input.
D. S = −2 hyperon production Figure 13 shows the inclusive momentum spectrum of Ξ hyperons fromp+ 197 Au collisions at 3 GeV/c together with the partial contributions from various Ξ production channels. In performing this decomposition, we did not distinguish kaons from antikaons. As one can see from Fig. 13 , the (anti)kaon-baryon collisions deliver the main contribution ∼ 35% to the Ξ production, mainly due to the double strangeness exchange channelKN → KΞ.
The decays Ξ * → Ξπ -especially important at low transverse momenta of Ξ -make the second largest contribution ∼ 26% to the Ξ production. It is interesting, that the (anti)kaonhyperon collisions, which are collisions between the secondary particles, contribute also quite appreciably, ∼ 17%. Other reaction channels are of relatively minor importance for the inclusive Ξ production. For example, the direct channelN N →ΞΞ contributes ∼ 6% only; this channel is of primary importance for the planned PANDA experiment on the double-Λ hypernuclei production at FAIR [8, 9] . Figure 14 shows the rapidity spectra of Ξ − hyperons together with the (Λ + Σ 0 ) and K 0 S rapidity spectra fromp+ 197 Au collisions at 3, 9 and 15 GeV/c. The Ξ − spectra are about two orders of magnitude below those for the (Λ + Σ 0 ) and K 0 S production. They are peaked at y ≃ 0.5, 0.9 and 1.2 for the beam momenta of 3, 9 and 15 GeV/c, respectively. However, the (Λ + Σ 0 ) spectra are always peaked near the target rapidity, y = 0, even at the largest beam momentum. This is because the hyperon production is dominated by theKN → Y π processes with slow antikaons. Moreover, at 3 GeV/c, also the K 0 S spectrum has a broad maximum at the target rapidity.
The experimental fact that the (Λ + Σ 0 ) and K 0 S rapidity spectra fromp+ 181 Ta collisions at 4 GeV/c are peaked at nearly the same rapidities (c.f. Fig. 8 ) has been interpreted by Rafelski [7] as the manifestation of a common production source for strange particles, S are rather close to each other both in forward and transverse directions. It is, moreover, interesting that the high-momentum slopes are similar for all considered particles. However, the production of the low-momentum Ξ − hyperons is suppressed due to the dominating Ξ production via the double strangeness exchange inKN → KΞX processes.
IV. SUMMARY AND CONCLUSIONS
To summarize, we have studied the strange particle production inp-induced reactions on nuclei by applying the GiBUU model. We have considered both at-rest and in-flight reactions and confronted our results with experimental data [1] [2] [3] 12 , 15] on neutral strange particle yields and spectra. We have also compared our calculations with the earlier INC calculations of Cugnon-Deneye-Vandermeulen [5] and Gibbs-Kruk [14] . Finally, the model predictions for the Ξ hyperon production are given.
So far the main motivation for the experimental studies of strangeness production in antiproton-nucleus reactions has been to find the signatures of QGP production, which can be complementary to similar studies in high-energy heavy-ion collisions. Overall, our results are in a fair agreement with existing experimental data on K 0 S , (Λ + Σ 0 ) and (Λ +Σ 0 ) production forp annihilation on nuclei and with INC models. There seems to be, indeed, no striking disagreements with data on inclusive Λ, K 0 S andΛ production at high beam momenta, which could point to the exotic mechanisms, as it has been already concluded in refs. [12, 14] .
There are, however, some systematic deviations the origins of which remain to be better understood. The GiBUU and INC models are based on the same hadronic cascade picture 
The exotic mechanisms of strangeness production may, in-principle, manifest themselves more clearly in the S = −2 hyperon production. We have calculated the inclusive production of Ξ hyperons from collisionsp+ 197 Au at 3-15 GeV/c. The Ξ − rapidity spectra are strongly shifted to forward rapidities in the laboratory system, since the Ξ production via the dominating endothermicKN → KΞ channel requires a high-momentum initial antikaon. This is in a contrast to the strangeness production mechanism from a moving annihilation fireball proposed by Rafelski [7] . Thus a simultaneous measurement of the single-and double-strange hyperon rapidity spectra may serve as a sensitive test for the hadronic and QGP scenarios of strangeness production inp annihilation on nuclei. The possibility for such measurements opens up in the planned PANDA experiment at FAIR [10] . 
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where ǫ = √ s − 2m Λ (in GeV). For theBB →Ȳ Y processes involving ∆ or∆ in the initial state and for theBB →ΞΞ processes we assume the isotropic angular differential cross sections in the c.m. frame.
